Logging and wildfires are important perturbation factors of the Canadian Boreal forest, but their effects on aquatic communities remain largely unknown. Here, we assess the ecological effects of logging and wildfires on aquatic communities, based on changes in crustacean zooplankton size spectra among logged, burnt and unperturbed lakes of the Canadian Precambrian Boreal Shield. A laboratory version of the Optical Particle Counter (OPC-1L) was used to establish the crustacean size spectra of zooplankton samples collected in 38 lakes characterized by different catchment
; left unperturbed over the past 70 years (20 reference lakes). Size spectra are characterized by crustacean biovolume in 22 size classes, from 200-300 µm equivalent spherical diameter (ESD) to 2300-2400 µm ESD. Size spectra in logged and burnt lakes were on average shifted towards larger size classes relative to reference lakes, although the reference and burnt groups of lakes were the only pair statistically different from one another (at ␣ = 5%). As a result, biovolume of crustacean organisms >1100 µm ESD in burnt lakes was on average higher by 366 and 388%, respectively, 1 and 2 years following catchment perturbations relative to reference lakes. Among a set of 15 water quality variables and 14 fish species density variables, potassium concentration and white sucker density were the most important environmental correlates of crustacean size structure.
young-of-the-year yellow perch and young-of-the-year white sucker (St-Onge and Magnan, 2000) .
Logging could also affect zooplankton communities indirectly through changes in food web structure, especially given the key role that zooplankton play as a grazer of primary producers and as a food source for planktivorous fish (Hairston and Hairston, 1993) . However, crustacean density appeared unaffected by logging when <35% of the catchment surface area has been clear-cut (Rask et al., 1998) . In a more recent study, the biomasses of cladocerans and cyclopoids were not affected by logging or forest fires, but the biomass of calanoids was slightly depressed in logged lakes (Patoine et al., 2000) . Zooplankton responses to logging or wildfires were better resolved when using limnoplankton biomass size fractions. The mean biomass of the 100-200 µm size fraction (predominantly algae, rotifers and nauplii) was higher in burnt lakes than in reference lakes during the first and second years after perturbations, as was the >500 µm (adult stages of crustaceans) size fraction during the second year (Patoine et al., 2000) . This suggests that a size-based approach to zooplankton community structure might be better adapted to monitor changes associated with catchment perturbations than a taxonomic approach. In fact, the size structure of zooplankton communities has previously been shown to correlate as well, or slightly better, with lake morphometry and water quality than could taxonomic structure (Sprules and Holtby, 1979) . In addition, zooplankton community size structure can be sensitive to various environmental perturbations such as eutrophication (Sprules and Munawar, 1986) , recreational access to lakes (Harig and Bain, 1998) , acidification (Schindler, 1990) and chemical contamination (Havens and Hanazato, 1993 ). Odum has hypothesized that environmental perturbations can be accompanied by a shift in community size structure from large to small organisms (Odum, 1969 (Odum, , 1985 . Indeed, he proposed that the smaller individuals of a community, by virtue of their short generation time relative to larger organisms, have a greater ability to colonize and dominate newly created or changing environments such as those under stress. Whether logging and forest fires represent perturbation factors characterized by a shift in zooplankton community size structure remains unknown.
However, the size structure of zooplankton communities is not only influenced by environmental perturbations. Among-lake variations in zooplankton community size structure have been attributed to differences in vertebrate predation pressure, and led to the formulation of the size efficiency hypothesis (Brooks and Dodson, 1965) . According to this hypothesis, the size structure of zooplankton communities shifts towards smaller sizes in the presence of planktivorous fish, as planktivorous fish preferentially feed on the larger sized zooplankton individuals. Indeed, recent evidence suggests that the biomass of macrozooplankton is more strongly correlated (negatively) with fish density data than with nutrient concentration data. Inversely, microzooplankton are more strongly correlated (positively) with nutrient concentration than with fish density (McQueen et al., 1986; Quiros, 1991) . Zooplankton community size structure may thus reflect processes related to both nutrient enrichment (bottom-up processes) and fish predation intensity (top-down processes). Since one of the most widely reported effects of logging activities and wildfires on stream and lake water chemistry is an increase in nutrient concentration (Likens et al., 1970; Nicolson, 1975; Wright, 1976; Schindler et al., 1980; Jewett et al., 1995; , we might expect zooplankton community structure in logged and burnt lakes to be shifted towards smaller sized organisms.
One of the projects being pursued by the Sustainable Forest Management Network (Adamowicz, 1999) aims at comparing the effects of perturbations by logging and forest fires on lake chemistry and biota (Carignan and Steedman, 2000) . Three groups of boreal lakes in Eastern Canada differing in their catchment conditions (20 unperturbed, 9 logged in 1995 and 9 burnt in 1995) have been investigated since 1996. The concentrations of total phosphorus and chlorophyll a were significantly higher in logged and burnt lakes relative to reference lakes during 1 (logging) to 3 years (wildfire) following catchment perturbations, and these differences were attributed in part to the effects of catchment perturbations Planas et al., 2000) . Do these bottom-up changes induced by catchment perturbations affect size spectra of zooplankton communities in boreal lakes?
Here, we used the laboratory version of an Optical Particle Counter [OPC-1L; (Herman, 1988) ] to determine the size spectra of the crustacean communities of the same set of 38 lakes (9 with logged catchments, 9 with burnt catchments and 20 reference lakes), 1 and 2 years after logging and fires. The goal of this study is to test whether wildfires or industrial logging represent a significant source of variation in crustacean community size structure. Since TP was generally higher in 'logged lakes' and 'burnt lakes' relative to reference lakes (Table I) , we expected the zooplankton community size structure in the former lakes to be shifted towards smaller sized zooplankton organisms relative to reference lakes. Among-lake variations in size spectra were also examined in relation to bottom-up and top-down variables (Table II) . We expected nutrients, particularly TP, to be an important, positive correlate of smaller size classes, and fish density to correlate negatively with larger size classes.
M E T H O D Study area
The lakes were located within a 30 000 km 2 area, in Eastern Canada. Details on the lake selection procedure, catchment physiography, lake morphometry and water chemistry are presented in . The three groups of lakes presented different catchment conditions (logged, burnt, unperturbed) , but were otherwise similar in their general limnological characteristics. Notably, they shared similar mean depths, lake areas, drainage ratios (ratio of catchment area over lake area) and pH values (Table I) . Logged catchments (n = 9) were clear-cut in 1995 on 9-73% of their surface areas; 20 m buffer zones of unharvested vegetation were left around these lakes. Except for one catchment that lost only 50% of its mature trees, burnt catchments (n = 9) had nearly 100% of their mature trees lost to wildfires in 1995. The reference group of lakes has had unperturbed catchments for the past 70 years. It was composed of 20 lakes in 1996, during the first year of sampling. Four of these lakes had their catchment partially clear-cut after the first sampling season in 1996; these were not considered in the 1997 data analyses presented here.
The 38 lakes were sampled within 1 week during the months of June, July and September of 1996 (1 year after catchment perturbations) and 1997 (2 years after catchment perturbations). Zooplankton samples were collected at the deepest site on the lake with a cantilevering net (Filion et al., 1993) fitted with a 53 µm mesh size net, from 1 m above the sediments to the surface. Three replicate samples per lake were collected at the same station. The zooplankton were narcotized by addition of carbonated water and preserved with formaldehyde to a final concentration of 4% v/v. Samples for chemical analyses and phytoplankton enumeration were collected from the euphotic zone (1% of incident photosynthetically active radiation) with an integrated tube Planas et al., 2000) . Fish sampling in the 38 lakes was performed over 2 years (1996 and 1997) with experimental monofilament gillnets with a fishing effort of between 6 and 12 nets per lake per night, depending on lake area (St-Onge and Magnan, 2000) .
Laboratory analyses
Zooplankton samples were examined under a dissecting microscope to remove Chaoborus larvae. Each replicate sample was divided with a Folsom splitter into two halves, one of which was subsequently divided further to give three fractions of the original sample (1/2, 1/4, 1/4). Crustacean size spectra analyses were performed on one of the quarter fractions (the other fractions were kept for taxonomic analyses and limnoplankton dry weight biomass determinations).
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The laboratory version of the Optical Plankton Counter (OPC-1L; Focal Technologies, 1992 ) is able to accurately measure the size distribution of freshwater zooplankton species assemblages (Sprules et al., 1998) . Here, the laboratory version of the OPC was used to determine crustacean size spectra as described in Herman (Herman, 1988) with the following adaptations: pump flow was 9 l min -1 for a linear flow of 0.5 m s -1 . Water circulated through a closed circuit composed of an aquarium in which the zooplankton samples were kept in suspension, a pump, the detector and a 53-µm-mesh bucket inserted in the aquarium. Counts never exceeded 40 particles s -1 . Counts were grouped in 100 µm equivalent spherical diameter (ESD) size classes and transformed into biovolume by using the geometric formula for the volume of a sphere [volume = (ESD) 3 /6]. Size spectra representing biovolume on the y-axis [mm 3 of crustacean particles per m 3 of water, log(x + 1)] and size class on the x-axis (200-3000 µm ESD) were constructed for each of the 228 samples representing the 38 lakes sampled three times per year during two consecutive years. Size classes occurring in ≤5% of the lakes were eliminated. As a result, size spectra presented 22 size classes, from 200-300 to 2300-2400 µm ESD. Because of their small size, rotifers are undetected by the OPC. Results therefore pertain to the crustacean community.
Statistical analyses
Description of size spectra The entire data set was composed of 228 samples (rows, representing the 38 lakes sampled three times per year during 2 years) and 22 descriptors (columns, representing 22 size classes). Principal component analysis (PCA) was used to describe the overall variability in the 228 size spectra, and to identify what size classes, among the 22, show the greatest amount of variance [ (Legendre and Legendre, 1998), p. 391] . PCA was performed with the R statistical package (Casgrain and Legendre, 2000) on the covariance matrix, with eigenvectors normalized to unity.
Influence of catchment condition on size spectra
Redundancy analysis (RDA) was used to test the hypothesis that catchment condition is a significant source of variation in crustacean size spectra, 1 and 2 years after catchment perturbations. During an RDA, a dependent or 'species' matrix (here size spectra) is related to an 'environmental' matrix (here catchment condition) by assuming linear relationships between matrices (ter Braak and Prentice, 1988). Analyses were performed on the 1996 average size spectra (20 reference lakes, 9 logged lakes, 9 burnt lakes) and on the 1997 average size spectra (16 reference lakes, 9 logged lakes, 9 burnt lakes). Annual average size spectra were computed for 1996, and for 1997, by taking, for each size class, the average log(x + 1)-transformed biovolume value of the three sampling periods ( June, July, September). The dependent matrix thus consisted of 38 rows representing the 38 lakes, and 22 columns representing the 22 size classes. The 'environmental matrix' consisted of 38 rows and three columns of binary data coding for catchment type. The analysis is thus analogous to a multivariate analysis of variance, with the added advantage that there is no upper limit to the number of size classes that can be analysed. Analyses were performed on the covariance matrix with eigenvectors normalized to one to obtain distance biplots, as suggested by Legendre and Legendre [(Legendre and Legendre, 1998) , p. 589] in cases involving class variables in the environmental matrix. Significance testing was performed by 999 random, unrestricted row permutations. If catchment condition was declared a significant source of variation of size spectra (␣ = 5%), three additional RDAs were performed to determine which pairs represented different groups. RDAs were performed with the CANOCO program version 3.11 developed by ter Braak (ter Braak, 1990) .
Influence of catchment condition on crustacean biovolume
Biovolumes in two coarse-scale regions of the size spectra were calculated. The 'small' crustacean fraction corresponded to the sum of biovolumes in size classes 200-1100 µm. The 'large' crustacean fraction corresponded to the sum of biovolumes in size classes 1100-2400 µm. The 1100 µm cut-off point was established due to the existence of a trough in this region of many size spectra (cf. Results). Total biovolume will refer to the sum of biovolumes in all size classes. Finally, community mean size was calculated as the mean of the biovolume distribution among the 22 size classes, and is expressed in micrometres ESD. Among-group differences in total biovolume, 'small' crustacean biovolume, 'large' crustacean biovolume and mean size were examined separately for 1996 and 1997 with one-way, repeated-measure, mixed-model ANOVAs (RM-ANOVAs) [(Sokal and Rohlf, 1981) , p. 284]. Catchment condition was treated as the main, fixed factor with three levels (reference, logged, burnt). Lakes constituted the first nested factor with 38 random levels (34 in 1997) unequally distributed among the three fixed factors: 20 in the reference group (16 in 1997), nine in the logged group and nine in the burnt group. The mean square associated with the lake factor served as the F-statistic denominator for the hypothesis that catchment condition was a significant source of variation. The repeated sampling of lakes was treated as a second nested factor with three random levels equally distributed among the lakes: June, July and September. Variance components for the lake and month factors could thus be isolated for each variable (small, large and total biovolume, mean size). Biovolume data were skewed to the right; they were log 10 (x + 1) transformed prior to analyses to satisfy the normality condition of ANOVAs. Mean size data were left untransformed. In the cases where the F-statistic was significant (␣ = 5%), comparisons of individual means were performed with the Tukey-Kramer Honestly Significant Difference test. Homoscedasticity of data was tested with Levene's test. ANOVAs were performed with Jump 3 (Statistical Analysis Systems Institute, 1994).
Influence of perturbation intensity on crustacean biovolume
Lake concentrations of TP and various ions were positively correlated with the ratio of deforested area (by logging or burning) over lake volume ('volumetric impact ratio', or VIR) . Here, we used simple linear regression analyses to test whether crustacean biovolume in the small and large size fractions (dependent variable) was similarly related to VIR, to the ratio of deforested area over catchment area (%DEF) or to a modified version of VIR (VIRЈ: deforested area/lake volume + catchment area/lake volume). VIRЈ takes into account the effect of total catchment area in addition to that related to deforestation. Regression analyses were performed on average 1996 data sets (mean of June, July and September values) of logged lakes alone, burnt lakes alone or logged and burnt lakes pooled together. Biovolume data were log 10 (x + 1) transformed. Regression analyses were performed with Jump 3 (Statistical Analysis Systems Institute, 1994).
Influence of bottom-up and top-down variables on size spectra
Relationships between crustacean size spectra and the environmental variables listed in Table II were examined by an RDA performed on 2-year average data. RDA was preferred over canonical correspondence analysis because when the biovolume in different size classes was plotted against various environmental variables, relationships tended to follow a linear trend rather than a unimodal distribution. Average size spectra were computed by taking the average of the six log(x + 1)-transformed biovolume values corresponding to the six sampling events over 2 years. In this case, the environmental matrix consisted of 38 rows (lakes) and 29 columns representing the 29 environmental variables listed in Table II . These environmental variables were assigned to two sets: bottom up (15 variables) or top down (14 variables). Bottom-up variables included those that characterized the fluid environment on which zooplankton rely to feed. Topdown variables included the density of potential invertebrate (Chaoborus larvae) and vertebrate predators of zooplankton. One RDA was performed for each environmental variable. The percent of variance in the dependent matrix that could statistically be explained by each environmental variable was tested for significance (␣ = 0.05) by 999 unrestricted random permutations of residuals ('full' model). A forward selection procedure was then applied to the entire set of 29 variables to obtain a small subset of environmental variables that explained a maximum of variability in size spectra. Significance testing (␣ = 0.05) was performed at each selection step with 999 unrestricted permutations under a full model. Analyses were performed so as to obtain a correlation biplot, and data were centred and standardized by size class.
R E S U LT S Description of size spectra
Differences among the 228 size spectra were mostly the result of biovolume variations in size classes 1200-1500 µm ESD, as indicated by the high loading of these size class vectors on the first principal component axis ( Figure 1A ). This first axis accounted for 58% of the total variance among the 228 samples. Axis II accounted for 16% of total variance, and represented mostly variation in size classes 800-1100 µm (positive loadings on axis II) and 1600-1800 µm (negative loadings on axis II) ( Figure 1A ). Axis III accounted for only 8% of total variance, and represented variation in size classes 1700-1900 µm (not shown). Variation in size classes 200-700 µm did not contribute significantly to axes I or II, meaning that all size spectra had invariant biovolume in small size classes relative to larger size classes. The first two axes could therefore capture 74% of the variation among the 228 samples representing the 38 lakes sampled six times over two consecutive summers. Samples from burnt lakes generally ranked higher along PCA axis I (mean and SD: +0.9 ± 2.0) than reference samples (-0.5 ± 0.9) despite extensive overlap between the two groups ( Figure 1B ). This separation of two treatment types suggests that zooplankton biovolume in size classes 1200-1500 µm was higher in burnt-catchment lakes than in reference lakes (see hereafter).
Sample points lying close to the origin of PCA axes I and II ( Figure 1B) represent 'average' size spectra. One such example is illustrated in Figure 2 : lake C24 sampled in September 1996 (coded C24c) has a continuous distribution of crustacean organisms in classes 200-300 µm to 1300-1400 µm with, in each class, biovolumes varying between 10 and 50 mm 3 m -3 [values back-transformed from log(x + 1) = 1 and log(x + 1) = 1.7]. From the negative end of PCA axis I to the positive end, we expect maximum increases of biovolume in size classes 1200-1500 µm ( Figure 1A ). This is illustrated in Figure 2 by samples P110 September 1997 (P110f, negative end of axis I) and FBP10 June 1997 (FBP10d, positive end of axis I). In the former sample (P110f), no crustacean organisms were recorded in size classes 1200-1500 µm (Figure 2 ). In the latter sample (FBP10d), on the contrary, biovolume in size classes 1200-1500 µm varied between 100 and 315 mm 3 m -3 (Figure 2) .
PCA axis II separated unimodal distributions (positive end of axis II) from bimodal distributions (negative end of axis II). Sample FBP9 June 1997 (FBP9d) is a good example of a bimodal distribution: biovolume in size classes 900-1100 µm was zero, and >10 mm 3 m -3 in the larger size class 1700-1800 µm. The other size spectra in Figure 2 illustrate the breadth of variation in the range of crustacean sizes encountered, in the biovolume of each size class, and in the overall shape of the size spectra.
Influence of catchment condition on size spectra
Catchment condition was a significant source of variation in crustacean size spectra 1 (P = 0.03) and 2 (P = 0.02) years after catchment perturbations (Table III) . One year after perturbations (1996), the first canonical axis accounted for 12.5% of size spectra variations (P = 0.03), and contrasted reference lakes to burnt lakes ( Figure 3A) . Projections of the burnt lakes centroid (B) and the reference lakes centroid (R) at right angle on vectors of the 1100-1500 µm size classes indicate that burnt lakes, as a group, had higher biovolume values in these size classes than reference lakes. The second canonical axis contrasted logged lakes (positive loadings on axis II) against reference and burnt lakes (negative loadings on axis II), but was not significant (P = 0.77), suggesting that size spectra of logged lakes were not significantly different from either reference or burnt lakes. Pairwise comparisons of the three groups of lakes confirmed this to some degree: the difference between reference and burnt lakes was indeed the only one significant at the 5% level (P = 0.02; Table III) . Despite a great deal of within-group variation, differences in size spectra between burnt and reference lakes can be seen as an increase in the biovolume of all size classes, but particularly so of the 1100-1500 µm size classes (Figure 4) . The average size spectra of logged lakes was intermediate between those of reference and burnt lakes.
Two years after catchment perturbations (1997), the average size spectra and lake ordination were similar to those of 1996, catchment condition remained a significant source of among-group variation in zooplankton size spectra, and, as in 1996, only the reference and burnt groups of lakes could be declared statistically different from one another (Table III) .
Influence of catchment condition on crustacean biovolume
The previous multivariate approach to size spectra analysis allowed us to identify what range of size classes seems sensitive to catchment perturbations (1100-1500 µm). It also allowed us to identify the region of 900-1100 µm as either characterizing the largest size class recorded in many samples, or as a trough in bimodal size spectra. It thus seemed natural to use 900-1100 µm as a cut-off point to create two crustacean size fractions: a 'small' one represented by the sum of the biovolumes in size classes 200-1100 µm; and a 'large' one represented by the sum of the biovolumes in size classes 1100-2400 µm. Total biovolume represented the sum of biovolumes over the entire 22 size classes.
Total biovolume did not differ significantly among the three groups of lakes during the first nor during the second year after catchment perturbations (Table IV; Figure 5C ). The small crustacean fraction represented on average 81% of total biovolume, with a range encompassing 16-100%. There were no significant amonggroup differences in small crustacean biovolume in 1996, nor in 1997 (Table IV; Figure 5A ). Biovolume of large crustaceans, however, was significantly higher in burnt lakes than in reference lakes in both 1996 (P = 0.02) and 1997 (P = 0.03), by 366 and 388%, respectively (based on back-transformed means) (Table IV; Figure 5B ). In logged lakes, biovolume of large crustaceans was on average higher by 240% relative to reference lakes 1 year after logging, but this difference could not be declared statistically significant (P = 0.06). Two years following logging, this biovolume difference decreased to 172% and was not significant (P = 0.15). As a consequence of higher biovolume values in the larger size fraction of crustaceans in perturbed-catchment lakes, community mean size was on average higher by ~20% in both logged and burnt lakes relative to reference lakes (652 µm) 1 year after perturbations, though the variation was not significant (P = 0.06; Table IV; Figure 5D ). Two years after perturbations, the among-group variation in community mean size was significant (P = 0.04), with values in burnt lakes 20% higher on average than in reference lakes (Table IV; Figure 5D ).
The nested design of the previous ANOVAs allowed us to isolate the month and lake variance components of small, large and total biovolume, and mean size. With >60% of total variance, the month factor was clearly the JOURNAL OF PLANKTON RESEARCH VOLUME  NUMBER  PAGES -   Fig. 2 . Examples of size spectra that illustrate how biovolume in each size class changes as one progresses from low axis I PCA scores (left-most column) to high ones (right-most column), and from low axis II PCA scores (bottom row) to high ones (upper row). The abscissa represents 22 size classes, from 200-300 to 2300-2400 µm ESD. The vertical axis represents crustacean biovolume on a log(x + 1)-transformed scale of units mm 3 m -3 . most important source of variation for all variables, both 1 and 2 years following catchment perturbations (Table IV) . Mixed-model ANOVAs such as those used here do not formally allow for the calculation of a variance component for the main, fixed treatment factor. If one supposes, for a moment, pure type II models (where the main treatment factor-here catchment conditionis treated as a random variable, i.e. a variable whose value is unknown before measurement), one obtains catchment condition variance components <13% for the four variables examined, during both years.
Influence of perturbation intensity on crustacean biovolume
The biovolume of large crustaceans could not be predicted from perturbation intensity (P > 0.3), whether the latter was expressed as VIR, %DEF or VIRЈ, and no matter what subset of lakes was used (logged alone, burnt alone, logged and burnt pooled). The biovolume of small crustaceans, however, could be predicted from %DEF when logged and burnt lakes were pooled together (r 2 = 23%, P = 0.04; Figure 6 ). The little overlap in the ranges of perturbation intensity between the logged and burnt groups of lakes precludes the use of a single regression equation to model the relationship between the biovolume of small crustaceans and perturbation intensity for both groups of lakes. The regression equation for the logged group of lakes alone was not statistically significant (r 2 = 40%, P = 0.07). 
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Influence of bottom-up and top-down variables on size spectra
Five variables were selected by the forward selection as significant environmental gradients related to linear variations in size spectra: potassium concentration, phosphorus concentration, white sucker density, brook trout density and DOC. Together, these accounted for 42% of the variability in size spectra (P = 0.001). Their influence on the biovolume of different size classes is illustrated in Figure 7 . Near 0°angles between environmental vectors and size class vectors indicate positive correlations between environmental variables and biovolume in specific size classes; 180°angles indicate negative correlations, while near 90°angles indicate uncorrelated, independent variables. Canonical axis I represented mostly inverse gradients of potassium concentration and white sucker density; it accounted for 25% of size spectra variability (P = 0.001). Axis II represented mostly a TP gradient, and accounted for 13% of size spectra variability (P = 0.002). Potassium concentration, phosphorus concentration and brook trout density were positively correlated to biovolume in all size classes, although the smaller size classes (<1100 µm ESD) were more tightly correlated to phosphorus, while the larger size classes were more tightly correlated to potassium. Note that the strong link between potassium and size spectra variations, especially in large size classes, was coincident with (i) a potassium concentration in burnt lakes more than three times as elevated as that in reference lakes (Table I) and (ii) a biovolume of large size-class crustaceans significantly higher in burnt lakes than in reference lakes ( Figure 5B ). In comparison, the link between TP and size spectra variations, especially in small size classes, was weaker than that of potassium (as demonstrated by the angles between environmental vectors and canonical axis I, greater in the case of the TP environmental vector than for the potassium environmental vector). Although TP concentration in burnt lakes was higher than in reference lakes, the increase was <2-fold (Table I) . Consistently, the biovolume of small crustaceans was not significantly higher in burnt lakes than in reference lakes. The influence of white sucker density shifted from negative in the case of large crustaceans to positive in the case of small crustaceans. White sucker was captured in 31 of the 38 lakes, making it the most frequently encountered fish species. The relative density of small white sucker individuals (<160 mm) was significantly lower in impacted lakes (logged and burnt) than in reference lakes (St-Onge and Magnan, 2000) . The diet of white sucker, however, was composed of <1% of zooplankton by dry mass (n = 1023; P. Magnan, Université du Québec à Trois-Rivières, Trois-Rivières, Canada, personal communication). In contrast, yellow perch, present in 25 of the 38 lakes, relied on zooplankton for 25% of their diet, and represented on average 35% of the total density of JOURNAL OF PLANKTON RESEARCH VOLUME  NUMBER  PAGES -   Fig. 4 . Average size spectra by catchment type for the year 1996. Biovolume is expressed as log(x + 1) of mm 3 m -3 for each size class from 200-300 to 2300-2400 µm ESD. Size classes most strongly associated with burnt-catchment lakes (based on RDA; Figure 3 ) have stippled bars. Error bars represent 95% confidence intervals on the mean. typical planktivorous fish (P. Magnan, personal communication). As an environmental variable, however, yellow perch was not a significant environmental variable of size spectra variations (P = 0.77; Table II ).
D I S C U S S I O N
Catchment deforestation by wildfires was here associated with a shift in zooplankton size structure towards larger organisms. This contrasts with other types of environmental perturbations generally characterized by a size shift towards smaller zooplankton organisms, namely eutrophication (Sprules and Munawar, 1986) , recreational access to lakes (Harig and Bain, 1998) , acidification (Schindler, 1990) and chemical contamination (Havens and Hanazato, 1993) . Our main hypothesis that zooplankton community size structure in logged and burnt lakes should be shifted towards smaller organisms relative to reference lakes, partly based on those previous studies and on theoretical considerations developed in Odum (Odum, 1969 (Odum, , 1985 , was not supported. Our secondary hypotheses regarding relationships between different size classes and trophic variables, namely that small size classes should be positively correlated to TP, and large size classes negatively correlated to fish density, were supported by our results. These relationships may provide some explanations for the observed size shift towards larger organisms in burnt lakes relative to reference lakes.
First, the influence of TP on small size classes was overridden by the influence of potassium on larger size classes. Since TP increases in logged and burnt lakes relative to reference lakes were not as great as those for potassium, it follows that the size shift in logged and burnt lakes was towards larger sized rather than smaller sized crustaceans. The role of potassium as a positive correlate of crustacean biovolume, and especially of the larger size fraction, is Mean values for the reference, logged and burnt groups were back-calculated from log(x + 1)-transformed data. Groups with different letters are significantly different at the 5% level. Variance components of the lake (error term) and month (residual) factors are given in percentages.
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unclear. Since potassium concentration was highly correlated to the amount of forest cover loss , it could represent changes occurring in several water quality parameters that, together, have direct or indirect (through the phytoplankton community structure) effects on zooplankton community structure. For example, calcium was significantly higher in burnt lakes (average of 2.2 mg l -1 ) relative to reference lakes (1.5 mg l -1 ) . Considering that the calcium concentration for saturated calcification in Daphnia magna is only reached at 5.2 mg l -1 , and that the concentration for survival is in the range of 0.1-0.5 mg l -1 , the increased calcium concentrations in burnt lakes could have benefited large daphnids. Second, a decrease in vertebrate predation in burnt lakes relative to reference lakes could explain the increase in large crustaceans observed in burnt lakes. There is some evidence that vertebrate predation on zooplankton could have decreased in burnt lakes since the relative density of small yellow perch (<75 mm) was lower, though not significantly, in impacted lakes (logged and burnt pooled together) relative to reference lakes (St-Onge and Magnan, 2000) . However, neither yellow perch nor any other typical planktivorous fish were selected in the environmental RDA model of zooplankton size structure. Additional regression analyses of large crustacean biovolume (dependent variable) against small (<75 mm) yellow perch density were not significant (P = 0.17).
It is curious that white sucker, a non-planktivorous fish in these lakes, was selected as a good correlate of size spectra variations. The presence of white sucker in Laurentian lakes has previously been associated with decreases in the mean length of Holopedium gibberum (a typically large cladoceran) and increases in bosminids (typically small cladocerans) (Rodríguez et al., 1993) . Comparison of OPC-derived size spectra with size spectra derived from taxonomic analyses showed that H. gibberum was associated with OPC size classes >1100 µm ESD, along with other typically large zooplankton species such as Daphnia pulex, Daphnia catawba and Epischura lacustris (A. Patoine, unpublished data) . Hence, the observed negative correlation between white sucker density and biovolume in size classes >1100 µm is somewhat consistent with results by Rodríguez et al. (Rodríguez et al., 1993) . These authors suggested that white sucker could competitively displace brook trout from its preferred benthos-based food resource to zooplankton. Interestingly, brook trout had a significant influence on size spectra variations, albeit weaker than that of white sucker, TP and potassium. Brook trout density was positively correlated with biovolume in all size classes, and more so with the larger size classes, which is contrary to what would be expected from size-selective predation on zooplankton (Brooks and Dodson, 1965) . The correlational evidence presented here thus offers little evidence that the increase in large crustaceans in burnt lakes could have been the result of decreased vertebrate predation intensity, although it is the most plausible ecological explanation. Indeed, studies on the factors controlling the biomass of zooplankton suggest that crustaceans >1 mm in length, namely Daphnia, are subject to control by vertebrate predation rather than by resource availability (McQueen et al., 1986) .
Our results are consistent with those based on sizefractionated limnoplankton organic mass determination (Patoine et al., 2000) whereby the among-group variation in the biomass of zooplankton material collected on a 500 µm mesh size net (mostly adult crustaceans) tended to be greater than that of the biomass of the 200-500 µm size fraction (copepodites and small cladocerans). Indeed, the biomass of the >500 µm size fraction was on average 65% higher in burnt-catchment lakes than in reference lakes during the second year following deforestation (P = 0.08), while the biomass of the 200-500 µm size fraction was within 20% of reference lakes during both years (P > 0.14). Hence, the large crustacean fraction obtained by OPC (>1100 µm ESD) seems to coincide with the >500 µm size fraction obtained by sieving, while the small crustacean fraction (<1100 µm ESD) seems to coincide with the 200-500 µm size fraction. Work is under way to establish a proper correspondence between ESD size classes obtained by OPC and size fractions obtained by sieving of zooplankton material.
The relationship between the biovolume of small crustaceans and %DEF in 1996 was not statistically significant at ␣ = 5% ( Figure 6 ; r 2 = 40%, P = 0.07). In contrast, a Table II . An angle near 0°between a size class and an environmental vector indicates strong positive correlation of size class biovolume with the environmental factor, whereas an angle near 180°indicates strong negative correlation. (B) Ordination in lake space. Circles represent reference lakes (n = 16); crosses represent logged-catchment lakes (n = 9); triangles represent burnt-catchment lakes (n = 9); dashes represent lakes whose catchments were logged between the ice-free season of 1996 and that of 1997 (n = 4). strong relationship was reported in Patoine et al. (Patoine et al., 2000) between the biomass of limnoplankton in the 100-200 µm size class and %DEF for the same set of logged lakes in 1996 (r 2 = 77%, P = 0.002, n = 9). The 100-200 µm size fraction of limnoplankton was mostly comprised of rotifers, nauplii and algae, i.e. particles undetected by the OPC. It thus seems that the biomass of the smaller planktonic organisms (those included in the 100-200 µm size fraction of limnoplankton) are more sensitive to catchment logging than larger ones (those between 200 and 1000 µm ESD). Because the probability value of 0.07 is close to the level of 0.05 fixed for statistical significance, it may be worth considering what would be the implications of a true positive relationship between the biovolume of small crustaceans and logging intensity (here presumably gone undetected because of insufficient statistical power). A hypothetically true positive relationship between %DEF and the biovolume of small crustaceans in logged lakes suggests that the biovolume of small crustaceans in logged lakes could be greater than that in reference lakes if one considered a group of logged lakes that excluded catchments with low proportions of logging. Such an interpretation is consistent with results by Rask et al., who could not show any significant effect of logging on crustacean density in lakes with <35% of the catchment area logged (Rask et al., 1998) . In our set of lakes, three out of nine lakes had <35% of their catchment area logged, and only three had >50%. Exclusion of the three lakes with <35% of their catchment area logged from an ANOVA, however, did not result in the detection of a significant difference in the biovolume of small crustaceans (F 2,32 = 0.73, P = 0.49), even though the mean value in the logged group (596 mm 3 m -3 ) was now similar to that in the burnt group (610 mm 3 m -3 ; Table IV) . Overall, the extent of logging may have been on average too low for the biovolume of small crustaceans to increase significantly relative to reference lakes, as it did for the biomass of rotifers, nauplii and algae (Patoine et al., 2000) .
It is interesting to note that the same pattern of amonggroup variations in size spectra and biovolume was observed 1 and 2 years after catchment perturbations. Clearly, the effects associated with wildfires are not limited to 1 year after the passage of wildfires. The prolongation of the effects of catchment burning on zooplankton size spectra after the first year following perturbations is consistent with year-to-year patterns in water quality. For example, the increase in TP observed in perturbed-catchment lakes (logged and burnt) persisted for at least the first 3 years following perturbations . Furthermore, increases in logged lakes were generally less than those in burnt lakes, as was also the case here for zooplankton biovolume. In the case of some chemical constituents (e.g. TP, potassium, calcium), the difference in the intensity of effect between logged and burnt lakes could be attributed to the lesser surface areas impacted by logging relative to wildfires . It is doubtful, however, that the effects of logging and wildfires on zooplankton size structure are simply a function of surface areas impacted. Increased DOC was greater in logged than in burnt lakes , and its influence on size spectra variation, though weak ( Figure  7 ), should warn us of possible indirect effects of logging on the size structure of zooplankton communities. For example, we suggest that, by decreasing light penetration in logged lakes, DOC could act to create a refuge for the larger crustacean organisms against visual vertebrate predators.
Crustacean responses to logging and wildfires seem to be size dependent since only the larger crustaceans (>1100 µm ESD) showed an increase in logged and burnt lakes relative to unperturbed-catchment lakes. Although not always highly significant statistically, these increases represent more than a doubling of biomass of large grazers in lakes with logged catchments (1 year after perturbations, P = 0.06) and burnt catchments (1 and 2 years after, P < 0.04) relative to reference lakes, and thus probably represent ecologically significant consequences of logging and wildfires. The mechanisms by which these increases occurred are a matter of speculation for the moment, but, as discussed above, could involve mortality of planktivorous fish. These results on the effects associated with logging and wildfires on zooplankton represent an advance in our knowledge of the effects of catchment perturbations on aquatic biota. The few studies that have previously considered zooplankton in assessing the ecological effects of logging remained inconclusive with respect to zooplankton, in part because of low catchment surface areas impacted, and in part because of important lake-to-lake and temporal variability in zooplankton community structure precluding the detection of statistically significant effects [e.g. (Rask et al., 1998) ]. Here also, we have observed strong lake-to-lake and temporal zooplankton variability ( Figure 5 ; Table IV), and have suggested that impacts of logging on zooplankton may be undetectable at low proportions of catchment logging ( Figure  6 ). The size-based approach to zooplankton community structure, however, did allow us to identify a size fraction where variations were large enough (i.e. more than a doubling of biomass) to be attributed to an effect of logging and wildfires. More work is needed to elucidate the mechanisms by which logging and wildfires induce changes in aquatic communities. Unless variability in zooplankton data is reduced to a minimum by increasing sample size of lakes or increasing sampling frequency, only large effects are likely to be detected. Research is currently under way on a subset of reference lakes whose catchments have recently been logged. Comparison of zooplankton community structure before and after catchment perturbations in this set of lakes and in another set of lakes whose catchments remained intact will eliminate the potential problems associated with different treatments being applied to different groups of lakes. Such a BACI design ['Before After Control Impact'; (StewartOaten et al., 1986) ], however, introduces among-year variability. In the present study, the among-year variability was small (<5% increase in total biovolume from 1996 to 1997 in reference lakes), and so the prospects for increased statistical power in a BACI design look promising. However, longer term data suggest that the year factor can be as important as the month factor in zooplankton biomass variability (Yan, 1986) . Despite these difficulties related to the variability of zooplankton community structure, size structure analysis was successful here in suggesting that a shift towards larger crustacean organisms could be an effect common to both logging and wildfires.
